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HIGHLIGHTS 


•  The  sulfur  composite  was  consisted  of  sulfur,  VGCF,  [EMI] [TFSI],  and  a-Li3PS4. 

•  All-solid-state  cell  was  fabricated  with  the  sulfur  composite  as  positive  electrode. 

•  The  sulfur  composite  with  [EMI][TFSI]  showed  high  capacity  of  1270  mAh  g-1  at  25  °C. 

•  The  cell  kept  the  capacity  of  1230  mAh  g  1  even  after  discharge-charge  50  cycles. 

•  The  sulfur  composite  with  [EMI][TFSI]  was  improved  the  capacity  and  cyclability. 
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We  investigated  additive  effect  of  five  kinds  of  ionic  liquids,  such  as  l-ethyl-3-methyl-imidazolium 
bis(trifluoromethane-sulfonyl)imide  [EMI] [TFSI],  l-ethyl-3-methyl-imidazolium  tetrafluoroborate  [EMI] 
[BF4],  l-buthyl-3-methyl-imidazolium  bis(trifluoromethane-  sulfonyl)  imide  [BMI][TFSI],  l-buthyl-3- 
methyl-imidazolium  tetrafluoroborate  [BMI][BF4],  and/or  l-buthyl-3-methyl-imidazolium  iodide  [BMI] 
[I],  on  electrochemical  properties  of  the  sulfur  composite  electrode  for  all-solid-state  lithium-sulfur 
batteries.  The  sulfur  composite  electrode  that  was  composed  of  sulfur  (29.9  wt%),  vapor-grown  carbon 
fiber  (VGCF,  9.9  wt%),  solid  electrolyte  (amorphous  Li3PS4,  60.0  wt%),  and  [EMI] [TFSI]  (0.2  wt%)  showed 
high  initial  specific  capacity  of  1270  mAh  g-1  at  25  °C,  which  was  calculated  on  the  base  of  the  weight  of 
sulfur.  To  construct  a  laboratory-scale  all-solid-state  battery,  amorphous  Li3PS4  and  meta-stable  Li4.4Si 
alloy  were  used  as  solid  electrolyte  and  as  negative  electrode  materials,  respectively.  The  laboratory-scale 
all-solid-state  battery  showed  good  discharge-charge  cycle  performance  under  a  constant  current 
density  of  0.1  mA  cm-2  (24  mA  g-1)  at  room  temperature  and  retained  the  large  specific  capacity  more 
than  1230  mAh  g-1  even  after  50  cycles  at  25  °C.  The  capacity  after  50  cycles  was  about  97%  of  the  initial 
capacity  of  the  test  cell. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently  large-scale  lithium-ion  batteries  have  been  attracted 
much  attention,  because  they  are  key  energy  storage  devices  for 
electric  vehicles  and  stationary  load-leveling  systems.  Lith¬ 
ium — sulfur(Li— S)  battery  is  one  of  the  most  promising  devices  for 
the  next-generation  energy  storages  [1-6  ,  because  elemental 
sulfur  has  a  large  theoretical  specific  capacity  of  1675  mAh  g-1, 
which  is  five  times  larger  than  that  of  conventional  cathode  ma¬ 
terials  such  as  LiCoC>2,  LiNii/3Mni/3Coi/302,  and  so  on  [7,8  .  The 
capacity  of  the  Li-S  battery  with  conventional  electrolyte  solution, 
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however,  rapidly  fades  away  on  discharge-charge  cycling.  The  ca¬ 
pacity  fading  is  attributed  to  the  facts  that  the  reduction  of  sulfur 
produces  several  lithium  poly-sulfides  (Li2Sx)  in  the  battery  and 
that  the  poly-sulfides  dissolve  into  the  electrolyte  solution.  The 
dissolution  of  lithium  poly-sulfides  is  known  to  be  the  main  reason 
for  low  charging  efficiency  and  large  self-discharge  fraction  of  the 
Li-S  batteries  with  conventional  electrolyte  solutions  [3,9-11  . 

On  the  other  hand,  in  the  all-solid-state  lithium-sulfur  batteries 
with  inorganic  solid  electrolytes,  elemental  sulfur  is  expected  to 
work  effectively  as  positive  electrode  materials  [12-17],  because 
the  inorganic  solid  electrolytes  are  used  as  a  separator  in  the  all- 
solid-state  batteries  and  lithium  poly-sulfides,  which  are  pro¬ 
duced  during  discharge  process  of  the  Li-S  batteries,  do  not 
dissolve  in  the  solid  electrolytes.  Consequently,  the  dis¬ 
charge-charge  capacity  should  be  maintained  for  the  all-solid- 
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state  batteries  with  inorganic  solid  electrolytes  during  dis¬ 
charge-charge  cycling.  Then,  the  all-solid-state  lithium-sulfur 
battery  is  expected  to  show  good  discharge-charge  performance 
with  large  specific  capacity. 

The  discharge-charge  reactions  of  the  all-solid-state  battery 
progress  in  the  interfacial  regions  between  active  materials  and 
solid  electrolytes.  Then  the  uniform  dispersions  of  the  active  ma¬ 
terials,  electronic  and  ionic  conductive  materials  in  the  composite 
electrodes  are  important  factor  to  achieve  good  performance  of  the 
all-solid-state  batteries.  We  recently  reported  the  electrochemical 
properties  of  the  all-solid-state  Li-S  battery  with  the  composite 
electrode  of  sulfur,  VGCF  (vapor  grown  carbon  fiber),  and  amor¬ 
phous  U3PS4  (solid  electrolyte)  as  positive  electrode  materials  18]. 
The  amorphous  Li3PS4  was  used  as  a  solid  electrolyte  which 
showed  high  lithium-ion  conductivity  2  x  1CT4  S  cm-1  at  room 
temperature  [19,20].  The  composite  as  positive  electrode  materials 
was  prepared  by  use  of  a  high-energy  ball-milling  process  18].  The 
laboratory-scale  all-solid-state  test  cell  with  the  composite  elec¬ 
trode  showed  a  large  specific  capacity  more  than  1300  mAh  g-1, 
which  was  calculated  on  the  base  of  sulfur  weight.  In  the  previous 
paper  [18  ,  we  also  showed  that  the  discharge  capacity  of  the 
composite  was  remarkably  affected  by  the  mixing  conditions  to 
prepare  the  composite  of  sulfur,  VGCF  and  a-Li3PS4.  In  order  to 
achieve  good  discharge-charge  performance,  the  high-energy  ball¬ 
milling  treatment  longer  than  20  h  on  the  composite  was  needed. 
This  result  suggests  that  adequate  contacts  among  the  active  ma¬ 
terials  sulfur,  electronic  conductor  VGCF,  and  a  solid  electrolyte  a- 
Li3PS4  are  necessary  to  realize  good  electrochemical  performance  of 
the  composite  electrode  for  all-solid-sate  batteries. 

There  are  other  works  on  composite  electrodes  of  sulfur  and 
carbon  for  all-solid-state  lithium-sulfur  batteries  [21,22].  Nagao 
et  al.  examined  the  electrochemical  properties  of  the  sul¬ 
fur-acetylene  black  composites  that  were  prepared  by  use  of  a 
high-energy  ball-milling  process  19].  They  reported  that  the 
composite  ball-milled  at  155  °C  showed  large  reversible  capacities 
more  than  1000  mAh  g-1  and  good  discharge-charge  cycle  per¬ 
formance.  However,  the  composite  prepared  at  room  temperature 
showed  only  500  mAh  g-1  and  poor  reversibility  [23  .  They  also 
suggested  that  uniform  distributions  and  contacts  among  active 
materials,  carbon  materials,  and  solid  electrolytes  in  the  composite 
electrode  were  the  important  factor  to  obtain  high  specific  capac¬ 
ities  of  the  all-solid-state  lithium-sulfur  batteries. 

In  order  to  achieve  the  uniform  distributions  in  the  composite 
electrode,  we  expect  that  the  addition  of  liquid  components  to  the 
composite  electrode  would  be  effective  and  should  improve  its 
electrochemical  performance,  because  the  liquid  components 
would  be  helpful  to  attain  uniform  dispersions  of  the  active  ma¬ 
terials,  carbon  materials,  and  solid  electrolytes  in  the  composite. 
Ionic  liquids  are  in  a  liquid  phase  at  room  temperature  and  are  also 
called  room  temperature  molten  salts.  The  ionic  liquids  have  some 
characteristic  physical  and  chemical  properties  such  as  non¬ 
flammability,  high  polarity,  low  vapor  pressure,  and  so  on 
[24-27].  There  are  some  reports  on  lithium-ion  batteries  using  the 
ionic  liquids  as  electrolytes  instead  of  conventional  electrolyte  so¬ 
lutions  [28-34  .  Jun-Woo  et  al.  reported  the  fabrication  and 
properties  of  a  Li-S  battery  using  the  ionic  liquid  Li[TFSA]-[DEME] 
[TFSA]  (lithium  bis(trifluoromethane-sulfonyl)amide-N,N-diethyl- 
N-methyl-N-(2-methoxy-ethyl)ammonium  bis(trifluoromethane- 
sulfonyl)amide)  [35].  The  Li-S  battery  with  the  ionic  liquid 
showed  a  large  discharge  capacity  of  800  mAh  g-1  and  good  dis¬ 
charge-charge  cycle  performance  [35]. 

Hence,  we  suppose  that  the  addition  of  the  ionic  liquids  to  the 
sulfur  composite  electrode  should  be  helpful  to  attain  uniform 
dispersions  of  the  active  materials,  carbon  materials,  and  solid 
electrolytes  in  the  composite  electrode  and  should  also  improve  the 


utilization  of  the  sulfur  composite  electrode  for  all-solid-state  Li-S 
batteries.  Then  we  try  to  add  several  kinds  of  ionic  liquids  to  the 
sulfur  composite  electrode  to  improve  the  electrochemical  prop¬ 
erties  of  all-solid-state  Li-S  battery  with  sulfide-based  solid  elec¬ 
trolytes.  In  this  study,  we  attempt  to  prepare  the  sulfur 
-VGCF-Li3PS4  composites  which  were  added  several  kinds  of  ionic 
liquids  and  investigate  electrochemical  properties  of  the  obtained 
composites  as  positive  electrode  materials  for  all-solid-state  Li-S 
batteries. 

2.  Experimental 

2.1.  Preparation  of  sulfur  composites  containing  ionic  liquids 

We  used  five  kinds  of  ionic  liquids,  such  as  1 -ethyl-3 -methyl  - 
imidazolium  bis(trifluoromethane-sulfonyl)imide  [EMI][TFSI],  1- 
ethyl-3-methyl-imidazolium  tetrafluoroborate  [EMI][BF4],  1-buthyl- 
3-methyl-imidazolium  bis(trifluoromethane-sulfonyl)  imide  [BMI] 
[TFSI],  l-buthyl-3-methyl-imidazolium  tetrafluoroborate  [BMI][BF4], 
and/or  l-buthyl-3-methyl-imidazolium  iodide  [BMI][I],  as  additives 
to  the  sulfur  composites  in  order  to  improve  the  dispersibility  of  the 
composites  for  positive  electrode  materials.  Those  ionic  liquids  were 
purchased  from  Tokyo  Chemical  Industry  Co.  Ltd.,  and  were  used  as 
received.  Elemental  sulfur  ( Wako  Pure  Chemical  Industries  Ltd.,  99%), 
VGCF  (vapor-grown  carbon  fiber,  Showa  Denko)  and  amorphous 
Li3PS4  were  used  as  starting  materials  to  prepare  the  composites  for 
positive  electrode  materials.  The  a-Li3PS4  was  used  as  solid  electro¬ 
lyte  in  this  study  and  was  prepared  from  the  raw  materials  L^S 
(Nippon  Chemical  Industrial  Co.  Ltd.,  99%)  and  P2S5  (Sigma-Ardrich 
Co.  Ltd.,  99%)  by  use  of  a  high-energy  ball-milling  process.  The 
detailed  preparation  procedure  of  the  electrolyte  was  described 
elsewhere  [19,20,36]. 

Fig.  1  shows  a  schematic  diagram  of  the  preparation  process  of 
the  composites  composed  of  sulfur,  VGCF,  a-Li3PS4  and  ionic  liquid. 
The  desired  amounts  of  the  starting  materials  sulfur  (75  wt%)  and 
VGCF  (25  wt%)  were  weighed  and  mixed  in  an  agate  mortar.  The 
mixture  was  placed  into  a  stainless-steel  vial  (SUS-316)  with  zir- 
conia  balls  (seven  balls  of  10  mm  diameter  and  ten  balls  of  3  mm 
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Fig.  1.  A  schematic  diagram  of  the  preparation  procedure  of  the  composites  composed 
of  sulfur,  VGCF,  ionic  liquids,  and  amorphous  Li3PS4. 
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diameter)  and  the  vial  was  sealed  with  an  O-ring.  The  total  mass  of 
the  mixture  was  1.0  g.  The  vial  was  set  in  a  planetary  ball-milling 
apparatus  (Fritsch  GmbH,  P-7).  The  mixture  was  ball-milled  with 
a  rotation  rate  380  rpm  for  10  h  at  room  temperature. 

The  desired  amount  of  the  ionic  liquid  was  dissolved  in  30  mL 
dehydrated  acetone.  The  ball-milled  sulfur-VGCF  composite  was 
placed  in  a  short-neck  flask  and  the  acetone  solution  containing  the 
ionic  liquid  was  poured  into  the  flask.  The  sulfur-VGCF  composite 
was  thoroughly  mixed  with  the  acetone  solution  under  ultrasonic 
irradiation  for  30  min  at  room  temperature.  The  solvent  was 
distilled  off  under  reduced  pressure  at  40  °C  by  using  a  rotary 
evaporator,  and  the  residual  powder  was  obtained  as  a  sulfur-VGCF 
composite  containing  the  ionic  liquid.  The  obtained  sulfur-VGCF 
composite  containing  the  ionic  liquid  was  called  an  intermediate 
composite  in  this  study. 

The  intermediate  composite  (40  wt%)  and  amorphous  U3PS4 
(60  wt%)  were  mixed  in  an  agate  mortar.  The  mixture  was  placed  in 
a  stainless-steel  vial  with  zirconia  balls  (seven  balls  of  10  mm 
diameter  and  ten  balls  of  3  mm  diameter)  and  the  vial  was  sealed 
with  an  O-ring.  The  mechanical  milling  of  the  mixture  was  con¬ 
ducted  by  use  of  a  high-energy  planetary  ball  mill  apparatus 
(Fritsch,  P-7)  with  a  rotation  rate  of  380  rpm  for  10  h  at  room 
temperature.  Then  the  final  composite  sample  was  obtained. 
Table  1  showed  the  weight  ratios  of  sulfur,  VGCF,  solid  electrolyte 
and  ionic  liquids  in  the  obtained  final  composites.  Those  prepara¬ 
tion  procedures  were  conducted  in  a  glove  box  filled  with  dry  Ar 
gas.  The  morphology  of  the  obtained  composites  with  and  without 
ionic  liquid  was  evaluated  by  scanning  electron  microscope  (JEOL, 
JML-6340F). 

2.2.  Electrochemical  measurements 

In  order  to  investigate  electrochemical  properties  of  the  ob¬ 
tained  composite  samples,  a  laboratory-scale  all-solid-state  test  cell 
was  fabricated  as  follows.  The  obtained  final  composite  powder  as  a 
positive  electrode  and  the  amorphous  U3PS4  powder  as  a  solid 
electrolyte  were  placed  in  a  poly-ethylene  tube  of  10  mm  diameter 
and  pressed  together  under  380  MPa,  and  then  meta-stable  LL^Si 
alloy  powder  as  a  negative  electrode  was  pressed  on  the  pellet 
under  100  MPa.  The  meta-stable  LL^Si  alloy  was  also  prepared  by 
using  a  high-energy  ball-milling  process  [37,38  .  After  releasing  the 
pressure,  the  obtained  three-layered  pellet  was  sandwiched  by  two 
stainless-steel  rods  as  current  collectors.  The  loadings  of  the  sul- 
fur-VGCF-Li3PS4-ionic  liquid  composite  and  of  the  LLuSi  alloy  in 
the  test  cell  were  14.3  mg  cm-2  and  19.1  mg  cm"2,  respectively.  The 
fabrication  of  the  test  cell  was  conducted  in  a  glove  box  filled  with 
dry  Ar  gas. 

Galvanostatic  discharge-charge  experiments  for  the  test  cell 
were  performed  under  a  constant  current  density  of  0.1  mA  cm"2 
(24  mA  g"1)  at  25  °C  and  50  °C  in  the  cut-off  voltage  range  of 
1.0-2.6  V  by  the  use  of  a  battery  tester  (Nagano  Co.  Ltd.,  BTS- 


Table  1 

The  weight  ratios  of  sulfur,  VGCF,  solid  electrolyte  and  ionic  liquid  of  the  obtained 
final  composites. 


Ionic  liquid 

Sulfur 

VGCF 

Solid  electrolyte 

[wt%] 

[wt%] 

[wt%] 

[wt%] 

0 

30.0 

10.0 

60.0 

0.2 

29.9 

9.9 

60.0 

0.4 

29.7 

9.9 

60.0 

1.2 

29.1 

9.7 

60.0 

2.0 

28.5 

9.5 

60.0 

2.8 

27.9 

9.3 

60.0 

4.0 

27.0 

9.0 

60.0 

2004H).  The  impedance  of  the  test  cells  was  measured  using  a 
frequency  response  analyzer  (1255B,  Solatron  Analytical)  and 
potentiostat  (1287,  Solatron  Analytical)  at  a  frequency  of  0.01  Hz. 
The  impedance  was  measured  for  the  test  cells  after  charging  up  to 
2.6  V  at  50  °C. 

3.  Results  and  discussion 

3.1.  Properties  of  the  intermediate  composites  composed  of  sulfur, 
VGCF,  and  ionic  liquids 

The  intermediate  composite  containing  sulfur,  VGCF  and  ionic 
liquid  was  obtained  as  quasi-dry  powder.  The  powder  was  possible 
to  be  pressed  into  a  pellet  and  any  liquid  phase  did  not  ooze  out 
from  the  pellet  during  the  pressing.  Fig.  2  shows  the  photographs  of 
the  intermediate  composite  powder  containing  [EMI][TFSI]  and  of  a 
pellet  obtained  from  the  composite  powder.  The  [EMI][TFSI]  mass 
fraction  to  the  weight  of  the  intermediate  composite  powder  is 
5.0  wt%  (For  the  sample,  the  [EMI][TFSI]  mass  fraction  to  the  total 
weight  of  the  final  composite  composed  of  sulfur,  VGCF,  [EMI][TFSI] 
and  a-Li3PS4  is  2.0  wt%.).  The  photographs  of  the  intermediate 
composite  without  ionic  liquids  are  also  shown  in  the  figure  for 
comparison.  There  is  no  difference  in  the  outward  appearances 
between  the  composites  with  and  without  the  ionic  liquid  [EMI] 
[TFSI].  The  outward  appearance  of  the  intermediate  composite  was 
changed  with  the  [EMI] [TFSI]  contents.  The  intermediate  compos¬ 
ite  containing  more  than  15  wt%  [EMI][TFSI]  showed  a  thick  slurry¬ 
like  appearance  and  somewhat  sticky  character.  The  intermediate 
composites  containing  the  ionic  liquid  less  than  10  wt%  can  be 
handled  as  “dry  powders”,  however  the  composite  containing  the 
ionic  liquid  more  than  15  wt%  could  not  treated  as  powder.  Then  we 
investigated  the  intermediate  composite  containing  the  ionic  liquid 
less  than  10  wt%  in  this  study. 

Fig.  3  shows  the  SEM  images  of  the  composites  with  and 
without  [EMI][TFSI].  The  Fig.  3(a)  and  (b)  show  SEM  images  of  the 
composite  without  [EMI][TFSI].  The  composite  without  [EMI] [TFSI] 
is  composed  of  aggregated  particles  with  about  300  nm  in  diam¬ 
eter.  The  composite  has  many  small  voids,  which  are  observed  in 
Fig.  3(b). 

On  the  other  hand,  the  SEM  images  of  the  composite  with  0.4  wt 
%  [EMI][TFSI]  are  shown  in  Fig.  3(c)  and  (d).  The  composite  with 
0.4  wt%  [EMI][TFSI]  is  composed  of  large  grains  which  are  in 
2-5  pm  in  diameter  and  has  smooth  surfaces.  The  number  of  the 
small  voids,  which  are  observed  in  the  composite  without  [EMI] 
[TFSI],  is  decreased  in  the  composite  with  [EMI][TFSI].  The  large 
grains  would  be  composed  of  sulfur,  solid  electrolyte,  and  VGCF. 
However,  those  particles  could  not  be  distinguished  in  the  SEM 
observation  and  also  in  EDS  analysis.  Then,  the  composite  with 
[EMI][TFSI]  would  have  larger  good  contact  area  between  sulfur 
and  solid  electrolyte  particles  than  the  composite  without  the  ionic 
liquid.  The  increasing  of  the  good  contact  area  should  improve  the 
electrochemical  capacity  of  the  composite.  The  particle  size  and 
surface  state  of  the  composites  with  the  [EMI][TFSI]  in  the 
composition  range  of  0.2-2.0  wt%  are  almost  same. 

3.2.  Electrochemical  properties  of  the  final  sulfur-composites  at 
room  temperature 

The  intermediate  composite  (40  wt%)  was  mixed  with  a- 
Li3PS4(60  wt%),  and  the  mixture  was  ball-milled  to  prepare  the  final 
composite  sample.  We  investigated  the  electrochemical  properties 
of  the  final  composite  sample  by  using  a  laboratory  scale  all-solid- 
state  test  cell.  Fig.  4  shows  the  first  discharge-charge  curves  of 
those  test  cells  in  which  the  final  composites  containing  the  five 
kinds  of  ionic  liquids,  [EMI][TFSI](Fig.  4(b)),  [EMI][BF4](Fig.  4(c)), 
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Fig.  2.  The  photographs  of  the  intermediate  composite  powders  and  of  the  pellets  obtained  from  the  composites  powders,  (a)  without  [EMI][TFSI]  and  (b)  with  5.0  wt%  [EMI] 
[TFSI]  (For  the  sample  the  [EMI][TFSI]  mass  fraction  to  the  total  weight  of  the  final  composite  composed  of  sulfur,  VGCF,  [EMI][TFSI]  and  Li3PS4  is  2.0  wt%.). 


[BMI][TFSI](Fig.  4(d)),  [BMI][BF4](Fig.  4(e)),  and  [BMI][I](Fig.  4(f)) 
are  used  as  positive  electrode  materials.  The  content  of  the  ionic 
liquids  is  0.2  wt%  for  those  final  composites  as  shown  in  Table  1.  The 
ionic  liquid  content  is  shown  as  the  mass  fraction  to  the  total 
weight  of  the  final  composite  composed  of  sulfur,  VGCF,  the  ionic 
liquid,  and  a-Li3PS4.  The  first  discharge-charge  curves  of  the 
composite  without  the  ionic  liquid  are  also  shown  as  Fig.  4(a),  for 
comparison.  Those  discharge-charge  curves  of  the  test  cells  were 
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obtained  under  a  constant  current  density  of  0.1  mA  cm 
(24  mA  g-1)  with  a  cut-off  range  of  1.0-2.6  V.  The  first  discharge 
and  charge  capacities  of  the  final  composite  without  ionic  liquid  are 
950  and  906  mAh  g_1,  respectively.  Those  capacities  are  calculated 
on  the  weight  of  sulfur  included  in  the  composite  that  is  used  as  the 
positive  electrode  materials  of  the  test  cell.  Table  2  shows  the  first 
discharge  and  charge  capacities  of  the  test  cells  in  which  the 
composites  with  the  five  kinds  of  ionic  liquids  are  used  as  positive 


Fig.  3.  SEM  images  of  the  sulfur-VGCF-solid  electrolyte  composites  with  and  without  [EMI][TFSI] :  (a)  and  (b)  are  the  images  of  the  composites  without  [EMI][TFSI].  (c)  and  (d)  are 
the  images  of  the  composites  with  0.4  wt%  [EMI][TFSI]. 
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Fig.  4.  The  first  discharge-charge  curves  of  the  all-solid-state  test  cells  using  the 
sulfur-VGCF-Li3PS4  composites  (a)  without  ionic  liquids  and  with  the  ionic  liquids,  (b) 
[EMI][TFSI],  (c)  [EMI][BF4],  (d)  [BMI][TFSI],  (e)  [BMI][BF4],  and  (f)  [BMI][I]. 


The  addition  of  those  ionic  liquids  improves  the  compactibility 
of  the  composites  and  also  increases  the  contact  area  among 
sulfur,  solid  electrolyte  and  VGCF  particles  as  shown  in  Fig.  3. 
Those  effects  would  be  easily  attained  by  the  addition  of  low- 
viscous  liquids  to  the  composite  powders,  because  the  low- 
viscous  liquids  should  be  dispersed  uniformly  in  the  composite. 
Among  the  five  imidazolium  salts  that  have  been  tested,  [EMI] 
[TFSI]  has  the  lowest  viscosity  [27].  Hence,  the  [EMI][TFSI]  shows 
the  best  performance  as  the  additive  to  improve  the  electro¬ 
chemical  performance  of  the  sulfur  composite  among  those  five 
ionic  liquids. 

Fig.  5  shows  the  discharge-charge  curves  of  the  positive  elec¬ 
trode  composites  with  various  amounts  of  [EMI][TFSI].  The 
amounts  of  the  [EMI][TFSI]  in  the  composites  are  shown  as  the 
mass  fraction  of  the  ionic  liquid  to  the  total  weight  of  the  final 
composite  containing  S,  VGCF,  a-Li3PS4  and  [EMI][TFSI].  The  dis¬ 
charge-charge  curves  of  the  composite  without  the  ionic  liquid  are 
also  shown  in  the  figure  for  comparison.  The  capacities  of  the 
composites  containing  0.2,  0.4  and  2.0  wt%  of  [EMI][TFSI]  are  larger 
than  that  of  the  composite  without  [EMI][TFSI].  On  the  other  hand, 
the  discharge  capacity  of  the  composite  with  4.0  wt%  [EMI][TFSI]  is 
only  770  mAh  g-1  and  the  capacity  is  smaller  than  that  of  the 
composite  without  [EMI][TFSI]. 

Fig.  6  shows  the  [EMI][TFSI]  additive  amount  dependence  of  the 
first  discharge  capacity  of  the  composites.  The  addition  of  a  small 
amount  of  [EMI][TFSI]  to  the  composite  causes  the  increase  of  the 
discharge  capacity.  In  the  [EMI][TFSI]  content  range  of  0.2-2.0  wt%, 
the  capacities  of  the  composites  show  almost  same  value  of 
1270  mAh  g-1.  The  further  addition  of  [EMI][TFSI]  larger  than  3.0  wt 
%  caused  the  decrease  of  the  capacity.  Those  results  suggest  that  the 
optimum  amount  of  [EMI][TFSI]  is  in  the  range  of  0.2-2.0  wt%  and 
that  the  composites  containing  the  optimum  amount  of  [EMI] [TFSI] 
show  almost  same  discharge-charge  capacity. 


electrode.  The  capacities  of  all  the  composites  containing  the  ionic 
liquids  are  larger  than  that  of  the  composite  without  the  ionic 
liquids.  Those  results  suggest  that  the  addition  of  the  ionic  liquids 
increases  the  discharge-charge  capacities  of  the  all-solid-state 
Li-S  cells  and  also  improves  the  utilization  of  the  active  materials 
sulfur  in  the  positive  electrode  composites. 

The  composite  containing  [EMI][TFSI]  shows  the  largest  capac¬ 
ities,  1270  mAh  g_1  for  the  discharge  and  1200  mAh  g_1  for  the 
charge,  among  the  five  composites  with  those  ionic  liquids.  The  first 
discharge-charge  capacities  of  the  composite  with  [EMI][TFSI]  are 
about  1.3  times  larger  than  those  of  the  composite  without  the  ionic 
liquids. 


Table  2 

The  first  discharge— charge  capacities  of  the  all-solid-state  test  cells  with  the  com¬ 
posites  composed  of  S,  VGCF,  ionic  liquid,  and  a-Li3PS4.  Five  kinds  of  ionic  liquids  1- 
ethyl-3-methyl-imidazolium  bis  (trifluoromethane-sulfonyl)  imide  [EMI][TFSI],  1- 
ethyl-3-methyl-imidazolium  tetrafluoroborate  [EMI] [BF4],  l-buthyl-3-methyl-imi- 
dazolium  bis  (trifluoromethane-sulfonyl)  imide  [BMI][TFSI],  l-buthyl-3-methyl- 
imidazolium  tetrafluoroborate  [BMI][BF4]  and  l-buthyl-3-methyl-imidazolium  io¬ 
dide  [BMI][I]  were  tested  as  additive  ionic  liquids.  The  positive  electrode  composites 
were  composed  of  sulfur  (29.9  wt%),  VGCF  (9.9  wt%),  ionic  liquid  (0.2  wt%),  and  a- 
Li3PS4  (60  wt%). 


Ionic  liquid 

Discharge  capacity 

Charge  capacity 
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1166 

1099 

(d)  [BMI][TFSI] 

1190 

1160 

(e)  [BMI][BF4] 

1002 

960 

(f)  [BMI][I] 

980 

920 

N 

UJ 


4.0 

3.0 

2.0 

1.0 

4.0 

3.0 

2.0 

1.0 

4.0 

3.0 

2.0 

1.0 

4.0 

3.0 

2.0 

1.0 

4.0 

3.0 

2.0 

1.0 

0 


0  500  1000  1500  2000 


capacity  /  mAhg-i 


Fig.  5.  The  first  discharge-charge  curves  of  the  all-solid-state  cells  using  (a)  The 
sulfur-VGCF-Li3PS4  composite  without  ionic  liquids  and  using  the  composites  con¬ 
taining  various  amounts  of  [EMI] [TFSI];  (b)  0.2  wt%,  (c)  0.4  wt%,  (d)  2.0  wt%  and  (e) 
4.0  wt%. 
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Fig.  6.  The  relation  between  the  first  discharge  capacity  and  the  amounts  of  [EMI] 
[TFSI]  in  the  final  composites  composed  of  sulfur,  VGCF,  [EMI][TFSI]  and  Li3PS4. 

Indeed,  those  imidazolium  salts  have  ionic  conductivity,  but  do 
not  have  lithium-ion  conductivity,  because  we  have  not  added  any 
lithium  salt  to  those  ionic  liquids.  Then  the  addition  of  large 
amount  of  ionic  liquids  would  form  passive  layers  between  sulfur 
and  solid  electrolyte  particles  and  the  ionic  liquid  layers  would 
disturb  the  electrochemical  reactions  between  sulfur  and  lithium 
ions.  Hence  the  further  addition  of  the  ionic  liquids  (more  than 
3.0  wt%)  caused  the  decrease  in  the  discharge  capacity  of  the  test 
cells. 

On  the  other  hand,  the  addition  of  small  amounts  of  the  ionic 
liquids  (in  the  composition  range  of  0.2-2.0  wt%)  should  improve 
the  compactibility  of  the  composite  and  also  increase  the  contact 
area  between  sulfur  and  solid  electrolyte  particles  as  shown  in 
Fig.  3.  The  small  amounts  of  the  ionic  liquids  are  sufficient  for  the 
improvement  of  the  compactibility  and  also  for  the  increase  in  the 
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Fig.  7.  (a)  The  discharge-charge  cycle  dependence  of  the  discharge  capacities  of  the 
composites  with  0.2  wt%  [EMI][TFSI]  (open  circles)  and  without  [EMI][TFSI]  (closed 
circles).  The  cycle  tests  were  carried  out  under  a  constant  current  density  of 
0.1  mA  cm  2  (24  mA  g-1)  at  25  °C.  (b)  The  cycle  dependence  of  the  discharge-charge 
efficiencies  of  the  composites  with  0.2  wt%  [EMI][TFSI]  (open  circles)  and  without 
[EMI][TFSI]  (closed  circles). 


contact  area.  Thus  we  think  that  the  capacity  is  almost  same  in  the 
composition  range  of  0.2-2.0  wt%. 

Fig.  7(a)  shows  the  discharge-charge  cycle  dependence  of  the 
discharge  capacity  of  the  composite  containing  0.2  wt%  [EMI]  [TFSI]. 
The  discharge-charge  efficiency  of  the  composite  is  shown  by  open 
circles  in  Fig.  7(b).  The  test  cell  was  cycled  with  a  constant  current 
density  of  0.1  mA  cm-2  (24  mA  g-1)  in  the  cut-off  voltage  range  of 
2.6  to  1.0  V  at  25  °C.  The  discharge  capacity  and  the  dis¬ 
charge-charge  efficiency  of  the  composite  without  [EMI][TFSI]  are 
also  shown  in  the  figures  by  closed  circles  for  comparison.  The 
initial  discharge  capacities  of  the  composites  with  and  without 
[EMI][TFSI]  are  1270  and  950  mAh  g-1,  respectively.  Even  after  50 
discharge-charge  cycles  the  composite  with  0.2  wt%  [EMI][TFSI] 
retains  its  capacity  of  1230  mAh  g-1.  The  capacity  retention  fraction 
to  the  initial  capacity  is  about  97%.  The  discharge-charge  efficiency 
of  the  composite  with  0.2  wt%  [EMI][TFSI]  is  almost  100%  over  the 
cycle  range.  The  test  cell  shows  good  discharge-charge  cycle  per¬ 
formance.  On  the  other  hand,  the  composite  without  [EMI][TFSI] 
shows  870  mAh  g-1  as  its  capacity  after  50  cycles.  The  capacity 
retention  fraction  is  about  92%.  The  capacity  retention  fraction  of 
the  composite  with  0.2  wt%  [EMI] [TFSI]  is  superior  to  that  of  the 
composite  without  [EMI][TFSI].  The  all-solid-state  test  cell  with  the 
composite  containing  the  small  amount  (0.2  wt%)  of  [EMI][TFSI] 
exhibits  excellent  cyclability  at  the  current  density  of  0.1  mA  cm  2 
(24  mA  g^1)  at  room  temperature. 

3.3.  Discharge-charge  properties  of  the  final  sulfur- composites  at 
high  temperature  of  50  °C 

For  the  Li/S  batteries  with  conventional  electrolyte  solutions, 
operating  temperature  seriously  affects  on  their  electrochemical 
properties,  because  the  solubility  of  the  lithium  poly-sulfides 
(Li2Sn),  which  are  produced  by  electrochemical  reactions  at  the 
positive  electrode,  is  increased  with  an  increase  in  the  operating 
temperature  and  the  dissolved  poly-sulfides  degrade  the  Li/S  bat¬ 
tery  performance  by  the  polysulfide  shuttle  mechanism  [3,9-11  . 
On  the  other  hand,  in  the  all-solid-state  Li/S  battery,  the  increase  in 
the  operating  temperature  would  improve  the  electrochemical 
performance  of  the  all-solid-state  battery,  because  the  lithium 
poly-sulfides  (Li2Sn)  do  not  dissolve  into  the  solid  electrolyte.  Then 
we  investigate  the  electrochemical  properties  of  the  all-solid-state 
test  cell  at  a  high  temperature  (50  °C). 


Fig.  8.  The  first  discharge-charge  curves  of  the  all-solid-state  cells  using  the  sul- 
fur-VGCF-Li3PS4  composites  (a)  containing  0.2  wt%  [EMI][TFSI]  and  (b)  without  ionic 
liquids.  The  all-solid-state  cells  were  tested  under  two  current  densities  of 
0.1  mA  cm  2  (24  mA  g'1)  and  0.5  mA  cm  2  (120  mA  g-1)  at  50  °C. 


S.  Kinoshita  et  al.  /  Journal  of  Power  Sources  269  (2014)  727—734 


733 


Fig.  8(a)  shows  the  first  discharge-charge  curves  of  the  com¬ 
posite  containing  0.2  wt%  [EMI][TFSI]  at  50  °C.  The  dis¬ 
charge-charge  experiments  are  performed  under  two  current 
densities  of  0.1  mA  cnrT2  (24  mA  g”1)  and  0.5  mA  cm-2 
(120  mA  g”1)  in  the  cut-off  voltage  range  of  1.0-2.6  V.  In  the  figure, 
the  curves  under  the  current  densities  of  0.1  and  0.5  mA  cm-2  are 
indicated  with  the  solid  and  dashed  lines,  respectively.  The  dis¬ 
charge-charge  curves  of  the  test  cell  without  [EMI][TFSI]  are  also 
shown  in  Fig.  8(b)  for  comparison.  Those  composites  with  and 
without  [EMI][TFSI]  show  extremely  good  discharge-charge  per¬ 
formance  at  50  °C.  The  first  discharge  capacity  of  the  composite 
with  0.2  wt%  [EMI][TFSI]  shows  1640  mAh  g”1  at  0.1  mA  cm-2,  and 
the  capacity  is  98%  fraction  of  the  theoretical  capacity  of  sulfur.  The 
composite  without  [EMI][TFSI]  also  shows  1605  mAh  g”1  as  the  first 
discharge  capacity  at  0.1  mA  cm-2.  The  first  discharge  capacities  of 
the  composites  with  and  without  [EMI][TFSI]  are  almost  the  same 
at  a  low  current  density  of  0.1  mA  cm”2  at  50  °C.  On  the  other  hand, 
the  first  discharge  capacities  of  the  composites  with  and  without 
[EMI][TFSI]  are  respectively  1331  mAh  g”1  and  1145  mAh  g”1  at  a 
high  current  density  of  0.5  mA  cm”2.  The  capacity  of  the  composite 
with  [EMI][TFSI]  is  larger  than  that  of  the  composite  without  the 
ionic  liquid.  Those  results  suggest  that  the  addition  of  the  [EMI] 
[TFSI]  to  the  composite  is  effective  to  improve  the  high  current 
discharge  properties  of  the  composite. 

The  discharge-charge  cycle  dependence  of  the  discharge  ca¬ 
pacity  of  the  composite  with  0.2  wt%  [EMI] [TFSI]  is  shown  in 
Fig.  9(a)  by  open  circles.  The  discharge-charge  cycling  test  has  been 
carried  out  under  a  high  current  density  of 
0.5  mA  cm”2(120  mA  g”1)  at  50  °C.  The  discharge  capacity  of  the 
composite  without  [EMI][TFSI]  is  also  shown  in  the  figure  by  closed 
circles.  The  discharge-charge  efficiencies  of  the  test  cells  are  also 
shown  in  Fig.  9(b).  The  first  discharge  capacity  of  the  composite 
with  0.2  wt%  [EMI] [TFSI]  is  1331  mAh  g”1.  The  capacity  retention  of 
the  composite  with  0.2  wt%  [EMI][TFSI]  is  86%  after  100  cycles. 
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Fig.  9.  (a)  The  discharge-charge  cycle  dependences  of  the  discharge  capacities  of  the 
positive  electrode  composites  with  0.2  wt  %  [EMI][TFSI]  (open  circles)  and  without 
[EMI][TFSI].  The  cycle  test  was  carried  out  under  a  constant  current  density  of 
0.5  mA  cm  2  (120  mA  g-1)  at  50  °C.  (b)  The  cycle  dependence  of  the  discharge-charge 
efficiencies  of  the  test  cells  using  the  composites  with  0.2  wt  %  [EMI][TFSI]  (open 
circles)  and  without  [EMI][TFSI]. 


On  the  other  hand,  the  first  discharge  capacity  of  the  composite 
without  [EMI][TFSI]  is  1145  mAh  g”1.  The  discharge  capacity  de¬ 
creases  with  an  increase  in  the  discharge-charge  cycle  numbers. 
The  discharge  capacity  of  the  composite  without  [EMI][TFSI]  shows 
841  mAh  g”1  after  50  cycles  and  then  reaches  to  499  mAh  g”1  after 
100  cycles.  The  capacity  retention  of  the  composite  without  [EMI] 
[TFSI]  is  only  44%  after  100  cycles.  The  discharge-charge  efficiencies 
of  the  test  cells  with  and  without  [EMI] [TFSI]  are  almost  unity  over 
the  cycle  range.  The  composite  with  0.2  wt%  [EMI][TFSI]  shows 
excellent  discharge-charge  cycle  performance  at  50  °C.  Those  re¬ 
sults  suggest  that  the  addition  of  small  amount  of  [EMI][TFSI]  to  the 
composite  is  extremely  effective  on  the  discharge-charge  cycle 
performance  of  the  all-solid-state  test  cells  at  50  °C. 

The  impedance  of  the  test  cells  before  and  after  the  dis¬ 
charge-charge  cycle  tests  was  measured  at  0.01  Flz.  The  mea¬ 
surements  were  carried  out  for  the  test  cells  after  charging  up  to 
2.6  V  at  50  °C.  The  resistance  of  the  composite  without  the  ionic 
liquid  was  358  Q  cm2  at  0.01  Hz  after  the  first  charge.  The  resistance 
was  increased  with  the  discharge-charge  cycling  and  reached  to 
538  Q  cm2  after  50  cycles.  The  increase  of  the  resistance  during  50 
cycles  was  170  Q  cm2  for  the  composite  without  the  ionic  liquid. 

On  the  other  hand,  the  resistance  of  the  composite  with  0.2  wt% 
[EMI][TFSI]  after  the  first  charge  is  311  Q  cm2  at  0.01  Hz.  The 
resistance  was  also  increased  with  the  discharge-charge  cycling 
and  reached  to  396  O  cm2  after  50  cycles.  The  resistance  increase  of 
the  test  cell  with  the  [EMI][TFSI]  was  only  85  Q  cm2  during  cycling. 
The  increase  in  the  resistance  of  the  test  cell  with  [EMI] [TFSI]  is 
smaller  than  that  of  the  cell  without  the  ionic  liquid.  Thus,  the  test 
cell  with  0.2  wt%  [EMI][TFSI]  shows  superior  discharge-charge 
cycle  performance  to  that  of  the  cell  without  the  ionic  liquid. 

During  the  discharge  reaction  of  sulfur  electrode  in  Li/S  battery, 
elemental  sulfur  is  reduced  into  polysulfide  (Li2Sn),  and  then  the  poly¬ 
sulfides  form  L^S  as  the  final  product  via  electrochemical  reductions. 
The  electrochemical  reactions  progress  at  the  three-phase  interface 
regions  among  the  active  materials  S,  electronic  conductor  VGCF,  and 
solid  electrolyte  a-Li3PS4  during  the  discharge  of  the  test  cells.  Those 
poly-sulfides  and  U2S  are  precipitated  in  the  interface  regions,  which 
are  active  points  for  the  reaction,  during  the  discharge  reaction.  The 
precipitated  L^S  would  form  passivation  layers  at  the  interface  be¬ 
tween  the  electronic  conductor  VGCF  and  the  solid  electrolyte  a- 
Li3PS4,  because  the  electronic  and  ionic  conductivity  of  the  deposited 
L^S  is  poor.  Even  when  the  battery  is  fully  charged,  the  L^S  passiv¬ 
ation  layers  would  still  remain  in  the  composite.  This  passivation 
layer  leads  not  only  to  capacity  loss  and  also  to  high  internal  resis¬ 
tance  of  the  battery.  When  the  battery  works  under  a  high  current 
density,  the  effect  of  the  resistive  L^S  layer  should  become  signifi¬ 
cant.  Then  we  suppose  that  the  capacity  of  the  composite  without  the 
ionic  liquid  decreased  with  an  increase  in  cycle  numbers,  when  the 
battery  works  at  a  high  current  density  of  0.5  mA  cm”2. 

The  lithium  sulfide  (L^S)  and  the  lithium  poly-sulfides  (Li2Sn) 
that  are  products  during  the  discharge  would  slightly  dissolve  in 
the  ionic  liquid  [EMI][TFSI],  which  is  added  to  the  composite  elec¬ 
trodes.  The  dissolution  of  the  lithium  sulfide  (Li2S)  and  the  lithium 
poly-sulfides  would  be  helpful  to  remove  the  passivation  layers 
from  the  active  interfaces  at  which  the  electrochemical  reaction 
would  occur  in  the  composite  electrode  of  the  test  cells.  Indeed  the 
solubilities  of  the  lithium  sulfide  (L^S)  and  of  the  lithium  poly¬ 
sulfides  into  the  ionic  liquid  would  be  very  small.  However,  when 
the  dissolution-deposition  rates  of  the  lithium  sulfide  (L^S)  and 
the  lithium  poly-sulfides  are  rapid,  the  ionic  liquid  should  be 
effective  to  remove  the  passivation  layers  from  the  interfacial  re¬ 
gions,  which  are  active  points  for  electrochemical  reactions,  and  to 
progress  the  electrochemical  reactions  in  the  composite.  The 
addition  of  small  amounts  of  the  ionic  liquid  would  be  also  helpful 
to  increase  the  uniformity  in  the  composite. 


734 


S.  Kinoshita  et  al.  /  Journal  of  Power  Sources  269  (2014)  727—734 


4.  Conclusion 

The  additive  effects  of  ionic  liquids  on  discharge-charge  prop¬ 
erties  of  the  sulfur-VGCF-a-Li3PS4  composites  were  investigated 
in  order  to  improve  the  performance  of  the  composites  as  positive 
electrode  materials  for  all-solid-state  Li/S  battery.  The  five  kinds  of 
ionic  liquids,  l-ethyl-3methyl-imidazolium  bis(trifluoromethane- 
sulfonyl)imide  [EMI][TFSI],  l-ethyl-3-methyl-imidazolium  tetra- 
fluoroborate  [EMI][BF4],  l-buthyl-3-methyl-imidazolium  bis(tri- 
fluoromethane-  sulfonyl)  imide  [BMI][TFSI],  l-buthyl-3-methyl- 
imidazolium  tetrafluoroborate  [BMI][BF4],  and  l-buthyl-3-methyl- 
imidazolium  iodide  [BMI][I],  were  used  as  the  additives  to  the 
composite  electrode.  Among  the  ionic  liquids,  [EMI][TFSI]  showed 
most  effective  to  improve  the  discharge-charge  property  of  the 
sulfur  composite  electrode.  When  the  discharge-charge  test  was 
performed  under  a  constant  current  density  of  0.1  mA  cm-2,  the  all¬ 
solid-state  cell  with  the  composite  containing  0.2  wt%  [EMI][TFSI] 
showed  the  large  initial  specific  capacity  of  1270  mAh  g_1,  and 
retained  the  large  capacity  of  1230  mAh  g'1  even  after  50  cycles  at 
25  °C.  When  the  discharge-charge  cycle  test  was  performed  under 
a  high  current  density  of  0.5  mA  crrT2(120  mA  g'1)  at  a  high 
temperature  of  50  °C,  the  composite  with  0.2  wt%  [EMI][TFSI] 
showed  a  large  specific  capacity  of  1331  mAh  g-1  as  the  first 
discharge  capacity.  Furthermore,  the  composite  with  0.2  wt%  [EMI] 
[TFSI]  retained  the  large  capacity  more  than  1150  mAh  g_1  even 
after  100  cycles.  The  composite  without  [EMI][TFSI]  also  showed 
the  high  initial  discharge  capacity  of  1145  mAh  g-1  under  a  high 
current  density  of  0.5  mA  cnrT2  at  50  °C.  However,  the  capacity  of 
the  composite  without  [EMI] [TFSI]  decreased  with  an  increase  in 
the  cycle  number  and  reached  only  499  mAh  g_1  after  100  cycles. 
Those  results  suggest  that  the  addition  of  small  amount  of  [EMI] 
[TFSI]  to  the  sulfur  composites  is  very  effective  to  improve  the 
discharge-charge  performance  of  the  sulfur  composites  as  positive 
electrode  materials  for  all-solid-state  batteries  with  inorganic  solid 
electrolytes. 
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